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Abstract Coir fibers were treated with sodium hydroxide (NaOH) and glutaraldehyde
(GA). The influence of alkali and aldehyde treatment on thermal degradation and
crystallinity of coir fiber was studied in detail. Thermogravimetric analysis and X-ray
diffraction techniques were mainly used to characterize the coir samples. Activation
energy of degradation was calculated from Broido and Horowitz–Metzger equations.
NaOH-treated samples showed an increase in thermal stability. Removal of impurities
such as waxy and fatty acid residues from the coir fiber by reacting with strong base
solution improved the stability of fiber. Crosslinking of cellulose with GA in the fiber
enhanced the stability of the material. Scanning electron microscopy was employed
to analyze the change in surface morphology upon chemical treatment. Improvement
in the properties suggests that NaOH and GA can be effectively used to modify coir
fiber with excellent stability.
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1 Introduction
Plant fibers are also called as lignocellulosic fibers, which include bast fibers, leaf
fibers, fruit fibers and other grass fibers. They are rich in lignin, cellulose, hemicellu-
loses and can be used for various applications such as ropes, yarns. As a substitute for
the declining supply of fossil fuel resources, biomass has been widely used as reinforc-
ing fillers in composites [1]. These composites gained attention due to its application
in engineering such as construction materials and structural parts of vehicles where
reduction in weight is required [2]. Such composites also contribute to the reduction
in pollution, global warming and waste generation [3]. These fiber composites are
suitable for its relatively high strength and stiffness, low cost, low density and renewa-
bility. However, limitations exhibited by the plant fibers are moisture absorption and
low thermal stability. This degradation is influenced by its chemical structure which
includes lignin, hemicelluloses and cellulose. Coir decomposition rate is relatively
low which may be due to higher lignin content.
Coconut fiber is a fruit fiber extracted from outer shell of a coconut. Coconut is a
tropical fruit mainly cultivated in tropical countries such as India, Sri Lanka, Brazil,
Thailand, Vietnam, Philippines and Indonesia [4]. There are two types of coconut fiber-
Brown fiber extracted from mature fruit and white fibers extracted from immature fruit.
Brown fiber can be used in engineering since it is mechanically strong and having high
abrasion resistance. Mature brown fiber contains more lignin and less cellulose [5].
Lignocellulosic coir fibers are the potential biodegradable and renewable material
which is used to make composites for various applications such as insulation, packag-
ing, automobile parts, construction. It is essential to do some chemical modifications to
achieve better physical properties and thermal stability. It leads to improve the strength
of the resulting composite material. Plant fibers generally degrade thermally through
degradation, depolymerization and oxidation when it is heated. For example, degra-
dation of hemicelluloses takes place at 300 ◦C, whereas cellulose degrades at 350 ◦C
and lignin degrades between 250 ◦C and 600 ◦C [6]. This is due to the breakdown
of β-1-4-glycosidic chains from celluloses and hemicelluloses as well as cleavage of
β-O-4-alkyl-aryl ether linkages from lignin [7].
The processing conditions have a major role to improve the mechanical properties
of the composites by enhancing the interaction between matrix and reinforcements
[2,8–14]. The effect of heating and aging on the mechanical properties of fibers can
be studied by exposing the fibers at different temperatures before the preparation
of composites. Alkali treatment is an economical method to improve the adhesivity
between fiber and matrix. The strength deterioration during the alkali treatment is the
main drawback [15].
Chemical treatment using GA is now introduced and included in this paper. Zefang
Xiao et al. studied the effect of GA on the properties of wood [16]. It has been
reported that GA reduces the water uptake and moisture absorption and enhances the
resistance of decay organisms because of the ability to block hydroxyl groups [17].
Limited information is available in the literature regarding the influence on physical
properties of wood or plant fibers with GA treatment.
The aim of this study is to investigate the effect of chemical treatment on the ther-
mal stability of coir fibers. It is appropriate to study the thermal stability in terms of
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decomposition of coir fibers to be used for the preparation of composites. Chemical
modification of coir fibers improves the surface topology, wettability and mechani-
cal strength. Hence, the thermal stability of these fibers is also expected to increase
compared to raw fibers. This may be due to the change in its microstructure [18,19].
Incorporation of such type of fillers may be effectively influence on improving the
stability of resulting composites.
2 Materials and Methods
2.1 Materials
Coir fibers which were procured from Central Institute of Coir technology, Bangalore,
were used for study. These fibers were extracted from coconut husk of mature fruit
known as brown fibers and were extracted by process such as decorticators and used as
received. The moisture content of the sample was about 7.74 %. NaOH pellets, 25 %
aqueous G and phenolphthalein indicator was procured from Karnataka Fine Chem,
Bangalore. The chemical composition of coir used for the studies is lignin 43.61 %,
cellulose 39.79 %, hemicellulose 5 %, pectin 0.95 % and ash 3.9 %.
2.2 Experimental
Alkali treatment has been done for pure fibers by immersing in NaOH solution. A
50 % (w/w) NaOH solution was prepared initially by dissolving 500gm of NaOH in
500ml distilled water. Then, the coir sample was immersed in NaOH solution for 2
hours and washed with distilled water to remove NaOH completely from the fiber. The
drained water was checked for neutrality by adding phenolphthalein as an indicator.
The washing was continued till there was no change in color of drained water. These
fibers were dried in oven at 50 ◦C for 2 hours and introduced for tensile testing. In
addition to alkali treatment, the fibers were introduced for aldehyde treatment. An
aqueous solution of GA (25 %) was used for the chemical modification of fiber. Coir
fibers were immersed in GA for one day and dried in oven at 50 ◦C for 2 hours. Then,
the resulting samples were introduced for XRD and thermal analysis.
2.3 X-ray Diffraction (XRD)
X-ray diffractograms were collected using a Bruker AXS D8 diffractometer with a
monochromatic Kα Cu radiation of wavelength 1.5406Å. Intensities were measured
in the range of 5 ◦ to 85 ◦, and Si(Li) PSD was used as the detector. d spacing was
calculated using Braggs equation.
Crystallinity index was determined using the empirical formula proposed by Segal
et al. [19]
CI = (I002 − Iam) × 100
I002
(1)
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where I002 is the maximum intensity of (200) lattice diffraction and Iam is the intensity
of diffraction of amorphous band.
The apparent size of the crystallite was calculated using Scherrer equation [19–21]
D = Kλ
β cos θ
(2)
where K is Scherrer constant (0.94), λ is the wavelength of X-rays used, β is the full
width at half maxima of the diffraction band and θ is the Braggs angle corresponding
to (200) plane.
2.4 Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy studies on pristine and chemically treated
fibers were carried out by dispersing the powdered fiber samples on KBr pellets and
using a Thermo Nicolet, Avatar 370 FTIR spectrophotometer. All the fiber samples
were recorded in the 4000−400 cm−1 region with 32 scans in each case at a resolution
of 4 cm−1.
2.5 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis was performed using PerkinElmer Diamond TG/DTA
analyzer in nitrogen atmosphere with a flow rate 20 ◦C/min from 25 ◦ to 700 ◦C.
Approximately 10mg of sample was analyzed. Broido and Horowitz–Metzger equa-
tions [22,23] were used to calculate the activation energy of degradation (Table 1).
3 Results and Discussion
Crystalline nature of any solid can be analyzed by X-ray diffraction (XRD) method.
Degree of crystallinity of coir fiber samples is determined using XRD. In plant fibers,
cellulose is crystalline, whereas lignin and hemicellulose are non-crystalline. The
intramolecular and intermolecular hydrogen bonds are formed due to the presence of
free hydroxyl group in cellulose which gives rise to ordered crystalline arrangement.
Figure 1 shows the XRD diffractograms of raw and chemically modified fibers.
The graph shows peaks (2 θ) around 16.5 ◦, 22 ◦ and 34.6 ◦ which represent the typical
cellulose I structure and these peaks are due to (110), (200) and (004), respectively
[24,25]. Crystallinity index is also calculated using Equation 1, and it is found to be
Table 1 Kinetic methods used in evaluating activation energy
Method Expressions Plot
Broido ln(ln(1/y)) = ERT + Cons tan t ln(ln(1/y)) against 1T
Horowitz-Metzger ln(− ln(1 − α)) = −Eθ/RT2 + Cons tan t ln(− ln(1 − α)) against θ
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Fig. 1 XRD diffractograms for raw, NaOH-treated and GA-treated fibers
Table 2 Parameters obtained
from XRD analysis of coir
samples
2 θ (◦) d (Å) CI (%) D (nm)
Raw fiber 22.12 4.0149 50.8 3.98
NaOH-treated fiber 22.13 4.013 39.57 3.16
GA-treated fiber 22.18 4.00 36 2.78
50.8 % for the raw fiber, 39.51 % for NaOH-treated fiber and 34.04 % for the fibers
treated with GA. Generally, cellulose is crystalline in nature among polymers. A
small percentage of disorder ness can be found in case of cellulose. Crystallinity
index (CI) has been used to describe the relative amount of crystalline portion in
cellulose. Decrease in crystallinity index may be due to the reorganizing molecular
arrangement or due to partial dissolving of the crystalline parts when treated with
alkali and aldehyde (Table 2).
Crystallite size was calculated using Equation 2, and it is found that raw fibers
have a higher crystallite size as compared to NaOH- and GA-treated fibers as shown
in Table 2. Rearrangement or shrinking might be occurred during NaOH and GA
treatment on coir fibers.
FTIR peaks can also be used to analyze crystallinity of samples containing cellulose
I or II or mixture of both and amorphous cellulose. Figure 2 shows the FTIR spectra
of raw, NaOH-treated and GA-treated coir fiber. The region 800 ∼ 1500cm−1 is
sensitive to crystalline structure of cellulose. Spectral bands at 1420 ∼ 1430 cm−1and
893 ∼ 897 cm−1are used to determine the crystal structure of cellulosic material [24–
26].
The spectral ratio (1420/893) cm−1 shows index of crystallinity or lateral order
index (LOI) and spectral ratio (1375/2900) cm−1 shows total crystallinity index (TCI)
(Table 3). LOI is correlated with the overall degree of order in the cellulose, and TCI
is proportional to the crystallinity degree of cellulose. From the values of LOI and
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Fig. 2 FTIR spectra of untreated, NaOH-treated and GA-treated coir fibers
Table 3 TCI, LOI and HBI
values of raw, NaOH-treated and
GA-treated fibers
Samples LOI TCI HBI
Raw 0.0835 0.408 0.377
NaOH-treated fiber 0.429 0.285 1.263
GA-treated fiber 0.178 0.5062 0.597
TCI, the nature of crystallinity of the material can be determined. The hydrogen bond
intensity (HBI) of cellulose is closely related to the amount of bound water, the degree
of intermolecular regularity or crystallinity calculated considering the chain mobility
and bond distance (Table 3). The spectral ratio between the absorbance bands at
3400 cm−1 and 1320 cm−1 was used to study the HBI of the fibers [6].
LOI is low for raw as compared to the fibers treated with NaOH- and GA-treated
fibers. This may be due to the removal of amorphous cellulose. TCI is higher for GA-
treated fibers and least for NaOH-treated fibers. It shows that fiber treated with NaOH
has higher degree of order, whereas cellulose shows lower degree of crystallinity.
Fibers treated with GA show an increase in degree of crystallinity attributed to the
presence of cellulose and lower degree of order. Ornaghi et al observed that the higher
extractive content can show higher values in the specific band [25]. The band at
2900cm−1 is associated with linear chain extractives derived by hydrocarbonates.
Higher extractive content leads to lower in the total crystallinity value as observed in
the fibers treated with NaOH. The ratio of (3400/1320) in FTIR spectrum represents
the amount of bound water in the fiber structure. The ratio is higher for NaOH-treated
fibers indicating more amount of bound water in the fiber than that of fibers treated with
GA. It clearly indicates higher degree of crystallinity of cellulose in NaOH-treated
fibers compared to the raw fibers and fibers treated with GA.
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Fig. 3 (a) DTA (b) DTG curves for raw coir, fibers treated with NaOH and GA-treated fibers
Strong bands are observed at 3137 cm−1, 2930 cm−1 and 2860 cm−1 which corre-
sponds to the stretching of alkyl group of cellulose as well as lignin present in the coir
fiber. The band at 1110 cm−1 is representing carboxyl group of fatty acids present in
untreated coir fiber. In case of NaOH-treated fibers, the peak corresponds to carboxyl
group which is almost disappeared. It indicates the removal of fatty acids from coir
fiber by alkali treatment. The intensity of peak at 3473 cm−1 corresponds to hydroxyl
group also increased for NaOH-treated fibers. The appearance of peak at 1251 cm−1
in case of GA-treated fibers can be attributed to the crosslinking reaction of cellulose
and lignin. This may be due to the formation of ether groups during crosslinking in the
presence of GA. The crosslinking of cellulose can also be confirmed from the band
2351 cm−1 due to C − H deformation.
Studying the thermal stability of fibers used as filler to fabricate polymer composites
is most significant [26]. Reinforcement of fibers in the polymer matrix is used to carry
out at temperatures around 200 ◦C. Degradation of fibers due to high temperatures
at the time of processing may lead to reduce the efficiency of resulting composites.
Changes consist of odor, browning and reduction in mechanical properties of the fibers.
Hence, it is necessary that the degradation profile of the fibers must be determined
prior to their use in composite applications [3]. The thermogravimetric curves for
the coir fibers studied are presented in Fig. 3. There is a considerable change in the
degradation behavior of untreated and chemically modified coir fibers. Raw fiber shows
slow degradation when compared to NaOH- and GA-treated fibers. The presence of
fatty acids and waxy residues present in the raw fiber is responsible for higher thermal
stability compared to the chemically treated fibers.
Table 4 shows the temperature at different weight losses for raw and chemically
modified fibers. Weight loss can be seen around 70 ◦C which is due to the loss of
bound water. Thermal degradation of coir fiber is a three-step process where the
first degradation starts at around 300 ◦C due to hemicelluloses. The second stage is
due to the degradation of cellulose at 350 ◦C. Slow degradation of lignin takes place
between 180 ◦C and 350 ◦C. The chemical structure of hemicelluloses is attributed to
the higher activity in thermal decomposition. Hemicellulose has a random amorphous
structure and can be easily hydrolyzed as compared to cellulose which is very long and
123
3 Page 8 of 11 Int J Thermophys (2018) 39:3
Table 4 Temperature at different weight losses (◦C) for raw and chemically modified fibers
Samples Temperature at different weight losses (◦C)
5 % 10 % 15 % 20 % 25 % 30 % 35 % 40 % 45 % 50 %
Raw 92.75 265.5 282.3 293.4 304.7 317.4 329.1 338.0 344.9 351.0
NaOH-treated 75.13 233.3 281.6 296.7 307.6 318.4 328.5 337.7 345.8 353.5
GA-treated 89.7 159.78 243.05 279.54 293.8 305.8 318.5 333.3 340.8 348.1
crystalline. This increases the thermal stability of fibers. Lignin has high molecular
weight and composed of three kinds of benzene–propane units. Therefore, the thermal
stability of lignin is very high, and it cannot be easily decomposed [27].
Higher thermal stability is associated with higher total crystallinity index and crys-
talline size of cellulose for the fibers treated with NaOH. Table 5 shows raw fiber
has higher values in residue weight of 22.23 % at 600 ◦C and Ti. This may be due to
the higher inorganic content present in raw fibers. Fibers treated with GA and NaOH
have lower residue weight which may be due to the removal of inorganic content.
Water content in the fiber increases with NaOH treatment. Bound water evaporates,
and weight loss starts at a relatively low temperature.
Decomposition of cellulose and hemicellulose occurs in different stages. The peaks
partially overlap each other and appears as a more or less pronounced shoulder instead
of a well-defined peak. For NaOH-treated fibers, the shoulder appears at a higher
temperature compared to the other fibers. This may be a consequence of lesser removal
of volatile contents and lower hemicellulose reactivity.
Major weight loss at high temperature is mainly due to the degradation of cellulose
which is evident from the DTG peaks for the fibers treated with NaOH and GA. For
GA-treated fibers, the main degradation of cellulose occurs at 351.86 ◦C (Table 4).
Formation of crosslinked cellulose on treating the fiber with GA delays decomposition.
Activation energy is defined as the least amount of energy required to decom-
pose 1 mole of a substance, and it reveals the information about thermal stability.
Activation energy of degradation has been calculated using two methods. Larger acti-
vation energy indicates higher stability of the material. As coir fibers are used to
fabricate composite materials, no absolute value of activation energy can be expected.
In this study, activation energy is calculated using Broido and Horowitz–Metzger
equations. From both the equations, higher activation energy valued can be seen
for fibers treated with NaOH and GA-treated fibers. Uncured coir fiber shows the
least activation energy. Removal of waxy and fatty acids from the fiber during
NaOH treatment improves the activation energy. Crosslinking of cellulose and lignin
present in the fiber through GA curing may be the reason to enhance the activation
energy.
The surface morphology of coir fiber before chemical treatment is shown in Fig. 4a.
A rough surface with irregular strips can be seen in the SEM microphotograph of
uncured coir fiber. The fiber is covered with a layer of impurities including lignin.
Roughened surface is observed for the coir fiber after the alkali treatment with NaOH
(Fig. 4b). Many pits are formed on the surface of alkali treated fibers due to the
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Fig. 4 SEM images of (a) untreated coir fiber, (b) NaOH-treated coir fiber and (c) GA-treated fiber
removal of fatty acids, lignin and impurities present in the fiber. It improves the inter-
action between fiber and matrix by the formation of mechanical interlocks when it is
reinforced in to the matrix for the preparation of composites. Aldehyde-treated fiber
with GA shows a smooth surface morphology (Fig. 4c). Crosslinked cellulose and
lignin with GA enhance the smoothness of surface of the coir fiber.
4 Conclusions
Coir fiber has been chemically treated with the view of manufacturing high-
performance natural fiber reinforced composites. Activation energy values showed
NaOH- and GA-treated fibers have better thermal stability. Removal of impurities
from the fiber on alkali treatment formed rough surfaces, and crosslinking of both cel-
lulose and lignin on the aldehyde treatment is clearly reflected in the microphotographs
of scanning electron microscopy. Such type of treatment improves the stability of coir
fiber, and it can be used as effective filler for the preparation of composite materials
with excellent physical properties.
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